study question: How do apoptosis-related BCL2 and BAX genes, known to regulate death or survival of germ cells in fetal and adult life, and germ-cell-specific VASA protein behave from birth to puberty in the human ovary? summary answer: In resting primordial follicles in both infant and pubertal ovaries, BCL2 family members and germ-cell-specific VASA behave as in fetal life. After birth, once follicles leave the resting reserve to enter the growing follicular pool, detection of apoptosis-related genes moves from the germ cell to granulosa cells and VASA expression is lost.
Introduction
Women are born with a finite germinal reserve of resting primordial follicles. The size of this reserve is crucial in determining the functioning of the adult ovary and ensuring female fertility. Whether or not this reserve is renewable in post-natal life, as recently proposed in mouse and human (Johnson et al., 2004; Bukowski et al., 2008) , is a matter of current debate with different studies presenting evidence claimed to be for and against oogenesis de novo (Tilly et al., 2009; Gougeon, 2010) .
The establishment of the resting primordial follicle reserve begins early in fetal life when a few 1000-2000 primordial germ cells colonize the genital ridges and enter a massive proliferative process that results in 7 × 10 6 potential oocytes at mid-gestation. As soon as proliferation begins to transform primordial germ cells into oogonia that then enter meiosis prophase I and finally form primordial follicles, a counterbalance mechanism of cell death mainly executed through apoptosis is put in motion. Cell death is responsible for the elimination of 85% of the potential oocyte population reached at mid-gestation leading the developing ovary to contain just around 10 6 primordial follicles at birth (Baker, 1963; Forabosco et al., 1991) . It continues after birth reducing the resting primordial follicle reserve to around 400 000 oocytes when woman enters puberty (Baker, 1963; Forabosco et al., 1991) . The apoptosis-related BCL2 gene family plays an essential role in regulating oocyte death in the mammalian ovary (reviewed by Aitken et al., 2011) . It has been proposed that apoptosis-inhibiting BCL2 gene and apoptosis-inducing BAX act as a rheostat whose bias in favour of one or another determines the survival or death of the germ cell (Tilly, 1996 (Tilly, , 2001 ). The expression of BAX is normally enhanced in the mammalian ovary, whereas BCL2 protein is found at low levels if at all (Kim and Tilly, 2004) . This observation gives support to the high rate of apoptosis characterizing the mammalian ovary, and has been experimentally supported by showing that Bcl2-and Bax-deficient knockout mice have a decreased or increased primordial follicle reserve, respectively (Knudson et al., 1995; Ratts et al., 1995) .
In the human ovary, BCL2 and BAX show expression patterns comparable with those found in mice and rats (Vaskivuo et al., 2001) . Much attention has been paid to fetal life because the developing human ovary displays the greatest oocyte loss (85%) recorded for a mammal and is a key determinant of fertility in adult life (De Pol et al., 1997; Quenby et al., 1999; Abir et al., 2002; Modi et al., 2003; Fulton et al., 2005; Albamonte et al., 2008; Hartshorne et al., 2009) . In the adult ovary, germinal loss seems to continue through the same mechanism of BAX over-expression (Vaskivuo et al., 2001; Albamonte et al., 2012) . After birth, however, germ-cell death seems to take place from apoptosis mechanisms acting in the somatic stratum, granulosa cells, rather than in the germ-cell proper as in fetal life. A switch moving apoptosis machinery from the germinal cell to the somatic component in follicles is believed to take place at birth (Vaskivuo et al., 2001) . More recently, it has been proposed that this switch occurs when the primordial follicle leaves the resting reserve to enter the growing pool at any time after birth (Albamonte et al., 2012) .
The knowledge on the infant and pubertal ovary is more limited probably due to the difficulty of obtaining tissue samples at this developmental stage. The reports in the 1970s by Peters et al. (1975) and Himelstein-Braw et al. (1976) are the background on follicular development in the normal ovary during childhood and puberty. How BCL2 and BAX apoptosis-related genes act from birth to puberty in maintaining the resting primordial follicle reserve during infancy and preparing the ovary for hypothalamic pituitary-gonadal axis activation in puberty remain largely unexplored.
Here, we report a qualitative analysis of the distribution of the specific germ-cell marker VASA, the immunolocalization of apoptosisrelated proteins BCL2 and BAX and also the detection of nuclear DNA fragmentation by terminal deoxynucleotidyl transferasemediated deoxiuridinetriphosphate nick-end labelling (TUNEL) in the infant and pubertal human ovary, aimed to complete missing knowledge about ovarian development between birth and puberty.
Materials and Methods

Samples and tissue preparation
This study was reviewed and approved by the Research Ethics Committee of Universidad Maimó nides and Ethics Committee from Hospital Gutiér-rez. After obtaining the patients consent, a total of 13 ovaries were taken from patients, ranging in age from 4 to 16 years, undergoing gynaecological surgical procedures due to benign pathology at the Child's Hospital Ricardo Gutiérrez in Buenos Aires, Argentina. The ages of the patients (years) were 4 (n ¼ 1), 6 (n ¼ 1), 9 (n ¼ 1), 11 (n ¼ 1), 12 (n ¼ 2), 13 (n ¼ 1), 14 (n ¼ 3), 15 (n ¼ 2) and 16 (n ¼ 1). All samples had normal histological diagnosis from the Pathology Service of the Hospital Ricardo Gutiérrez. Samples from 4-to 11-year-old patients were classified as infant ovaries, whereas samples from 12-to 16-year-old patients were classified as pubertal since the patients had already had their menarche. Ovarian tissues were recovered in the surgery room and immediately fixed in 10% buffered formalin for 24 h. After fixation, samples were processed for routine paraffin embedding. Embedded samples were serially sectioned at 5 mm, mounted onto cleaned, coated slides and stored at room temperature until used. Five to 10 sections, one every five cuts, from each sample, were processed for haematoxylin -eosin staining. Cuts subsequent to each haematoxylin -eosin-stained section were used for immunohistochemistry, immunofluorescence or the TUNEL assay. Follicle stages were classified according to Gougeon (1996) .
Immunofluorescence analysis of VASA expression
To assess VASA expression, samples were blocked in 10% bovine fetal serum/15% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for 1 h at room temperature, thoroughly rinsed in PBS and incubated with goat polyclonal anti-human VASA (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) overnight at 48C. After incubation, slides were rinsed in PBS and incubated with fluorescein-conjugated rabbit anti-goat IgG (Santa Cruz Biotechnology, Inc.) for 45 -60 min at room temperature. All slides were counterstained with 1 mg/ml propidium iodide. Staining for VASA was done in at least three separate assays for each specimen. Negative controls were performed by omitting the primary antibody or incubating samples with a synthetic peptide-preabsorbed antibody. Sections were examined in an Olympus BX40 microscope by conventional epifluorescence with ultraviolet illumination and images were captured with an Olympus Camedia C-5060 camera.
Immunohistochemical detection of BCL2/ BAX expression
De-waxed and re-hydrated sections were incubated with rabbit polyclonal anti-BAX or anti-BCL2 (Santa Cruz Biotechnology, Inc.) primary antibodies for 1 h at room temperature. Double staining was performed by using EnVisionw Doublestain System (Dako, Carpinteria, CA, USA) according to the manufacturer's recommendations. Immuno-enzymatic reactions were performed with horseradish peroxidase or alkaline phosphatase-labelled polymers, revealed with 3,3
′ -diaminobenzidine and fast-red for BAX and BCL2. Staining was done in at least three different assays for each sample. All slides were counterstained with haematoxylin. Negative controls were performed by omitting the primary antibodies or pre-incubating the primary antibody with synthetic blocking peptide.
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling
Detection of DNA fragmentation was performed in paraffin-embedded sections by TUNEL technique, using the 'In Situ Cell Death Detection Kit' (Roche Diagnostics, Germany) with fluorescein-tagged nucleotides. The procedure followed the manufacturers' recommendations. Treated sections were examined in an Olympus BX40 microscope by conventional epifluorescence with ultraviolet illumination. In order to confirm negative results, TUNEL-processed sections were incubated with 10 UI/ml DNase II (Sigma Chemical Co., USA) in 50 mM Tris-HCl, pH 7.5, 10 mM Mg 2 Cl and 1 mg/ml BSA for 10 min at room temperature. After incubation, slides were thoroughly rinsed and treated again according to the TUNEL protocol. Images were captured with an Olympus Camedia C-5060 camera.
Results
General histology of the infant and pubertal ovary
Folliculogenesis in infant ovaries of 4 and 6 years old was dominated by the presence of primordial follicles in which the oocyte was surrounded by flattened pregranulosa cells (Fig. 1A) . In 6-and 9-year-old samples, primary follicles in which oocytes were surrounded by one layer of cuboids granulosa cells and occasional secondary follicles with two or three layers of cuboid cells were also seen (Fig. 1B) . In pubertal ovary samples, from 11 to 16 years old, primordial follicles were still abundant, primary and secondary follicles were registered too (Fig. 1C) , and earlyand late-antral follicles were detected (Fig. 1D) . In oldest samples, 15 and 16 years, follicles from primordial to antral stage were seen as well as atretic follicles (Fig. 1E) , and the presence of an albicans body in the 16-year-old ovary (Fig. 1F ).
Immune-localization of germ-cell-specific VASA protein VASA protein was detectable in the cytoplasm of oocytes in primordial and primary follicles. In early primordial follicles (small primordial follicles), the signal was intense with a peri-nuclear distribution ( Fig. 2A) . More advanced primordial follicles showed VASA protein in a para-nuclear localization corresponding to Balbiani's vitelline body (Fig. 2B) . Primary follicles still showed a para-nuclear localization of VASA with a wider distribution pattern when compared with primordial follicles (Fig. 2C) . VASA protein was not detectable in secondary follicles and antral stages of folliculogenesis in any sample (Fig. 2D ).
BCL2/BAX expression balance
Immunostaining for BCL2 protein was observed mainly in the granulosa cells of secondary and antral follicles (Fig. 3) . No BCL2-staining cell was detected at earlier stages of folliculogenesis; resting primordial follicles were negative in all cases. Immunolabelling with anti-BAX antibodies was positive throughout folliculogenesis, and it was found both in the granulosa cell and in the oocyte of primordial and primary follicles ( Fig. 4A and B) . From the early antral stage onwards, only the granulosa cells showed positive staining for BAX. BAX signal became stronger with more advanced follicular maturation (Fig. 4C ).
Follicular DNA fragmentation
No sign of apoptosis was detected in primordial, primary and secondary follicles both in the infant and in the pubertal ovary. Apoptotic cells were detected in the innermost layer of granulosa cells of antral follicles, mainly late antral stage (Fig. 5) . A few apoptotic oocytes were observed in antral follicles. TUNEL-assayed sections were incubated with DNase in order to confirm DNA integrity in negative cells. After enzymatic treatment, all nuclei became positive, indicating that DNA was not fragmented prior to digestion. Negative control performed by omitting TdT showed no positive reaction.
Discussion
The results presented above elucidate the expression of VASA and of apoptosis-related BCL2 and BAX genes. They shed light on in the regulation of germ-cell atresia in the human ovary between birth and puberty. The pattern of immune detection of BAX and BCL2 proteins in the infant and pubertal ovaries was clearly related to follicular development, and especially to the transition of the germ cell from the resting primordial follicle reserve to the growing follicular pool. VASA immune detection was restricted to the early stages being present in resting primordial follicles or follicles just entering the growing pool (primary follicles) but lost in actively growing follicles, from the secondary stage onwards.
Previous descriptions of folliculogenesis in the infant ovary mostly referred to histological characterization of follicular development (LinternMoore et al., 1974; Peters et al., 1975 Peters et al., , 1976 Himelstein-Braw et al., 1976) , to the pattern of atresia (Baker, 1963) or to morphometric and stereological analysis (Forabosco et al., 1991; Sforza et al., 1993; Ferrario et al., 1993) . These studies encompass samples ranging from 3 months to 11 years old belonging mainly to neonatal and infant ovaries. Information on histology and folliculogenesis during puberty is almost unknown. Our data from infant ovaries of 4, 6 and 9 years old are in agreement with previous descriptions. In the three cases, histogenesis was still in progress with a great majority of primordial, nongrowing, resting follicles and a very few primary follicles. Although the existence of growing follicular stages cannot be ruled out since the entire organ was not examined, these infant ovaries belonged to the 'quiescent' category, entering early growth, according to the classification of Peters et al. (1976) . On the other hand, pubertal individuals who had already had their menarche, showed actively growing ovaries still displaying a considerable resting primordial follicle reserve and growing follicles both at pre-antral and antral stages. These pubertal ovaries also showed evidence of mitotic proliferation of the somatic stratum, especially the granulosa cells, and hypertrophy of the theca cells from secondary stage onwards indicating the acquisition of the FSH and LH receptors (Hirschfield, 1991; Gougeon, 1996) .
VASA protein was detectable both in infant and in pubertal ovaries. However, expression was strictly restricted to follicles in the primordial resting reserve and primary follicles just leaving the quiescent pool. When follicles enter the growing reserve, VASA protein becomes undetectable. In the fetal ovary, it has been shown that VASA expression follows a stage-specific immunodetection pattern that reflects the main changes throughout ovarian organogenesis (Castrillon et al., 2000; Stoop et al., 2005; Albamonte et al., 2008) . First detected at gestation week 12 as a faint and homogeneously signal in the cytoplasm of oogonia, it becomes brighter and punctuated at gestation weeks 16-18, localizing mainly as a perinuclear ring in the cytoplasm of primary oocytes. From Week 20 to the end of gestation, VASA shows the strongest signal displaying a clear para-nuclear localization that corresponds to the Balbiani's vitelline space, in oocytes lying in primordial follicles. The sparse detection in the adult ovary led to the assumption that VASA expression is a distinct trait of the fetal ovary (Castrillon et al., 2000) . Our analysis in infant and pubertal ovaries showed that VASA protein continues to express after birth until puberty in the resting primordial follicle reserve; its expression pattern relates mainly to folliculogenesis rather than to fetal development. VASA detection stops early in primary follicles leaving the primordial reserve and becomes undetectable once follicles entered the growing pool. Interestingly, although Balbiani-associated VASA signal is a dominant feature of primordial follicles at the third gestationtrimester, around 10% of them still maintain a peri-nuclear distribution of the protein (Albamonte et al., 2008) . Considering that VASA is an RNA-binding protein belonging to the DEAD box family involved in assembly and transport of mRNAs during oogenesis, it was proposed that the association or not of VASA to the Balbiani space may relate to the final fate of the germ cell (Albamonte et al., 2008) . Supporting this idea, the ovary of the rodent Lagostomus maximus, a mammal with abolished germ-cell attrition and apoptosis-dependent follicular atresia through the constitutive over expression of BCL2 gene, shows an opposite pattern of VASA distribution, i.e. low abundance of Balbiani-associated VASA signal, throughout fetal development (Leopardo et al., 2011) . It is worthwhile to note that we have found in the resting reserve from infant and pubertal ovaries, primordial follicles in which VASA is associated and not-associated with Balbiani space. Whether VASA cytoplasmic distribution may act as a molecular marker of the final fate of the germ cell deserves further investigation. The possibility that VASA could have a prognostic value should not be neglected, especially in infant patients entering ovarian cryopreservation programmes as a consequence of oncological pathology.
The expression of BAX and BCL2 genes was detectable in all samples with quite different patterns. BAX protein shows a constant and conspicuous pattern of immune-detection throughout the different stages of folliculogenesis, from dormant primordial follicle reserve to primary and secondary follicles recruited from that reserve, and antral follicles entering cyclical follicular growth. This sustained expression of BAX has also been reported to occur throughout fetal life from early proliferative stage of primordial germ cell and oogonia, during the entrance to prophase I at mid-gestation and from primordial follicular assembly to the end of gestation (Vaskivuo et al., 2001; Hartley et al., 2002; Albamonte et al., 2008) . On the other hand, BCL2 protein displayed a quite different pattern of immunolocalization when compared with BAX. BCL2 protein was not detectable in dormant primordial follicles and primary follicles leaving the resting reserve. It became detectable in the somatic stratum from secondary follicles, as well as preantral and antral growing follicles, co-existing with BAX protein. In fetal life, BCL2 also shows a time-restricted pattern of expression occurring in oogonia at the proliferative stage from gestation week 12 to 18, before primordial follicle assembly (Vaskivuo et al., 2001; Hartley et al., 2002; Albamonte et al., 2008) . It is worth to note that BCL2 becomes detectable when proliferative processes occur, i.e. at the moment in which the number of oogonia actively increases through mitosis in the fetal ovary; when granulosa cells actively divide during the growing follicular phase in the infant/pubertal ovary.
Genetic models have demonstrated the importance of the BCL2 gene family in the regulation of follicular atresia (Morita et al., 1999) . Experimental studies Knudson et al., 1995) showed that atresia in immature follicles is attenuated in Bax 2/2 rats leading to a lesser emptying of the pool of primordial follicles. Knudson et al. (1995) demonstrated that Bax deletion in mouse resulted in the presence of unusual atretic follicles in which granulosa cell seemed unable to suffer apoptosis. Greenfield et al. (2007) reported that Bax deletion did not affect the number of atretic antral follicles in vivo, demonstrating that morphological and biochemical pathways in Bax-deficient granulosa cells were fully competent to undergo apoptosis. This means that germ-cell atresia in vivo is likely exposed to other factors acting in the regulation of oocyte number. Although the importance of anti-apoptotic BCL2 and pro-apoptotic BAX, acting as a rheostat whose balance determines death or survival of the germ cell, has been widely accepted as the main force regulating female germ-line reserve, the existence of concurrent mechanisms in the regulation of germ-cell dismissal cannot be ruled out. Germ-cell exfoliation from the ovarian surface contributes to eliminate primordial germ cells, oogonia and oocytes (Motta et al., 1997 (Motta et al., , 2003 , especially at late pregnancy and at birth. Evidence has been recently gathered that death mechanisms such as caspase-independent and autophagy may be acting in the mammalian ovary (De Felici et al., 2008; Rodrigues et al., 2009; Tingen et al., 2009) . The stage-specific, time-restricted expression of BCL2 in the infant and pubertal ovary, shown in this report, as well as in the fetal and adult human ovary (Albamonte et al., 2008 (Albamonte et al., , 2012 might be a clue to illuminating key signalling pathways in survival or death of the germ cell. BCL2 as well as BCL-X l , another apoptosis-inhibiting member of the BCL2 gene family, play essential roles in the crosstalk between autophagy and apoptosis (Zhou et al., 2011) . Even if BCL2 and BCL-X l suppress autophagy by binding to Beclin I protein, crosstalk between both mechanisms is not so simple because autophagy can help to cell survival by suppressing apoptosis or can lead the cell to death in collaboration with apoptosis (Zhou et al., 2011) .
In this study, we did not detect apoptosis through the TUNEL technique in primordial, primary and secondary follicles in infant and pubertal ovaries. Only antral follicles, and especially fully growing follicles, as well as atretic follicles, showed TUNEL-positive cells in granulosa and theca cells. Although not quantified, occasional detection of TUNEL-positive follicles does not seem to be commensurate with the expected extent of intra-ovarian germ-cell atresia estimated in stereological studies (Baker, 1963; Forabosco et al., 1991; Sforza et al., 1993) . In the fetal ovary, a similar situation has been reported in several studies in which the levels of apoptotic germ cells detected through the TUNEL technique ranged between ,10% to no more than 20% (Vaskivuo et al., 2001; Abir et al., 2002; Hartley et al., 2002; Albamonte et al., 2008) . This recalls once again on the need of analysing concurrent mechanisms of cell death in the human ovary if widely accepted classical studies indicating that 85% of the original 7 × 10 6 original germ-cell pool at gestation week 20 is lost by birth and 95% loss is attained when entering puberty (Baker, 1963) .
In conclusion, the results presented here come to complete a general view on the behaviour of VASA and BCL2-family genes BAX and BCL2 throughout female germ-line development in human. The specific germ-line marker VASA follows the expression pattern known to occur in fetal life which is maintained until follicles leave the resting reserve independently of female's age. BAX and BCL2 proteins move from the germ-cell proper to the somatic stratum when primordial follicles leave the resting reserve to enter the growing follicular pool, a pattern also found in the adult ovary (Albamonte et al., 2012) . Thus, it seems clear that the regulation of germ-cell number in women depends on two different follicle compartments in which BCL2 genes and VASA behave differently: the primordial follicle resting reserve and the growing follicular pool. After birth, some dormant primordial follicles from the resting reserve activate and are recruited into the growing germinal pool as primary oocytes (McGee and Hsueh, 2000) . Intra-ovarian mechanisms leading to primordial follicle recruitment, or maintenance of the resting stage, remain poorly understood. However, several transcription factors have been very recently identified, which might regulate this first step in folliculogenesis (reviewed by Monget et al., 2012) . Understanding the multiple mechanisms at work in human germ-line development and how viable primordial follicles remain dormant for years or decades will greatly help to optimize the rescuing and clinical use of germ cells in restoring fertility in women.
